Wall-deficient forms of Mycobacterium aurum were prepared by agitating the cells during exponential growth with D-cycloserine, glycine, lysozyme, EDTA and LiCl for approximately the time of three cell divisions (18 h). Wall-deficient forms were then converted to spheroplasts by gentle stirring with lysozyme and EDTA in a Tris/HCl buffer containing sucrose until all the cells appeared spherical by phase contrast microscopy. Subsequent ly sis by nucleases followed by osmotic shock produced membrane vesicles. Ultrastructural and chemical properties of the spheroplasts and membrane vesicles are described. The spheroplasts were susceptible to lysis by 0.25% (w/v) sodium dodecyl sulphate and were permeable to certain enzyme substrates.
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I N T R O D U C T I O N
Bacteria can be converted into spheroplasts by the addition to the growth media of chemical substances which either degrade the bacterial wall (e.g. hydrolytic enzymes) or interfere with its biosynthesis (e.g. certain antibiotics, glycine and D-serine etc.). Millman (1 958) reported protoplast formation in mycobacteria after massive adsorption of inactive bacteriophages. Hydrolytic enzymes were used to form spheroplasts of Mycobacterium tuberculosis by Thacore & Willett (1963) and Willett & Thacore (1967) , and antibiotics by Dorozhkova & Volk (1972) . There have been reports of spheroplast formation in some fast-growing mycobacteria and M . bovis BCG grown in the presence of lysozyme and glycine (Sato et al., 1965; Adamek et al., 1969) . Protoplasts of M . smegmatis have been prepared by growing lysozyme-sensitive mutants in a rich medium containing lysozyme and DLmethionine (Yabu & Takahashi, 1977) but the technique is cumbersome. Formation of whole cell ghosts from M. phlei has been reported (Asano et al., 1973) but wall material was present which maintained the shape of the ghosts almost the same as that of intact rod-shaped cells. Recently, protoplasts and whole cell ghosts have been prepared by lysozyme and EDTA treatment of wall-deficient forms of M . smegmatis, produced in a synthetic medium containing D-cycloserine and horse serum (Rastogi & Venkitasubramanian, 1979) .
We have now developed a reliable technique for preparing wall-deficient forms of M . aurum. This technique makes use of an antibiotic (D-cycloserine), a hydrolytic enzyme (lysozyme), an amino acid (glycine), a chelating agent (EDTA) and an autolysis-stimulating agent (LiC1). We here describe the technique and report chemical and ultrastructural studies of the spheroplasts.
M E T H O D S
Organism and growth. Mycobacterium aurum strain A+ (Levy-Frebault & was grown as a shake culture in nutrient broth medium (8 g I-'; Difco) at 37 O C . Cells were harvested in the exponential phase of growth (48 h) by centrifugation at 10000 g for 20 min at 4 " C .
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For the addition of exogenous substances to actively growing cells, bacteria were grown as shake cultures in 250 ml flasks with side-arms. Antibiotics, amino acids, chelating agents or any other spheroplast-inducing substances were added as sterile solutions during the exponential phase. Growth was followed by turbidity measurements at 650 nm and was compared with controls with no additions. In plotting inhibition curves, the turbidity of the culture at the time of addition of any substance was arbitrarily considered as 100.
Preparation of wall-dejcient forms. Mycobacterium aurum was grown to the exponential phase (48 h) and the following substances were then added (sterilized by passing through a 0.45 pm pore size filter): D-cycloserine (60 pg ml-'), glycine (1-4%, w/v), lysozyme (200 pg ml-l), EDTA (2 mg ml-') and LiCl (1 mg ml-I). Incubation with agitation at 37 "C was continued for approximately the time needed for three cell divisions (18 h). Wall-deficient forms were centrifuged at 16 000 g a t 4 "C for 45 min.
Preparation of spheroplasts. Wall-deficient forms were resuspended (1 g wet wt per 80 ml) in 30 mM-Tris/HCl buffer (pH 8.0) containing 20% (w/v) sucrose. Potassium-EDTA (10 mM) and lysozyme (0.5 mg ml-') were added and incubation with gentle stirring at 37 "C was continued for 180 to 240 min. This treatment caused a decrease in the turbidity of the bacterial suspension at 650 nm and an increase in viscosity. When observed by phase contrast microscopy, all the cells at this stage appeared spherical. Spheroplasts were collected by centrifuging at 16 000 g at 4 O C for 45 min.
Preparation of membrane vesicles. Spheroplasts were resuspended in the smallest possible volume of 100 ~M-KH,PO,/K,HPO, buffer (pH 6.6) containing 20 % (w/v) sucrose and 25 mM-MgSO, with homogenization with a Vortex shaker or with a Teflon and glass homogenizer. DNAase I and RNAase A (Sigma; 7-5 mg ml-l) were added at this step and membrane vesicles were obtained by osmotic shock as reported previously for M . smegmatis (Rastogi & Venkitasubramanian, 1979) .
Preparation of mycobacterial wall and membrane controls by ultrasonic treatment. Bacteria harvested in the exponential phase of growth were washed twice with 50 ~M-KH,PO,/K,HPO, buffer (pH 7-6) and resuspended in the same buffer. 
Hydrol.vsis of cellular material for assay of amino sugars and diaminopimelic acid (DAP).
The materials hydrolysed were intact cells, spheroplasts or membrane vesicles. Ultrasonically treated walls and membranes were used as controls. Cellular material (1 ml, approximately 10 mg ml-I) was taken up in KH,PO,/K,HPO, buffer (50 mM, pH 7.6) and dried in a glass ampoule at 105 "C to determine dry weight. Then 1 ml 1 M-HCl was added and the ampoule was sealed and heated at 110 "C for 16 h for amino sugar hydrolysis. For D A P hydrolysis, the cellular material was hydrolysed with 1 ml 6 M-HCl for 24 h. In both cases, HCI was subsequently removed in uacuo over CaCl,. The residue was twice dissolved in water and re-evaporated to dryness. Hydrolysed material was dissolved in 1 ml distilled water, and amino sugars were estimated by the Elson-Morgan reaction (Rondle & Morgan, 1955) and the D A P was detected by thin-layer chromatography on cellulose (Staneck & Roberts, 1974) .
Phase contrast microscopy. All cellular preparations were mounted on thin layers of agar (2 g I-') to immobilize them for observation by phase contrast microscopy. Ultrastructural studies. The cellular material was prefixed overnight in 2.5 % (w/v) glutaraldehyde (Sigma) solution in cacodylate buffer (0.2 M, pH 7.2), washed repeatedly with the same buffer and postfixed overnight in 1 % (w/v) OsO, in the same buffer. Bacteria at this stage were horizontally oriented as suggested by Whitehouse et al. (1977) . Specimens in agar were dehydrated in a graded ethanol series and embedded in Epon 8 12. Sections (40 nm) were cut with a LKB Ultrotome 111 using a diamond knife, mounted on copper grids, stained in uranyl acetate and lead citrate and observed in a Siemens 10 1 electron microscope.
Biochemical tests. The following biochemical tests, used frequently in the identification of mycobacteria, were performed: nitrate reductase (Vestal, 1975) ; Tween 80 hydrolysis (Kilburn et al., 1973) ; urease (Meyer & David, 1979) ; arylsulphatase (Vestal, 1975) ; Pglucosidase (David & Jahan, 1977) ; acid phosphatase (Kapler, 1965) ; and alkaline phosphatase (David, 1977) .
Lytic action of sodium dodecyl sulphate ( S D S ) on spheroplasts prepared from two different strains of M . aurum. Spheroplasts were prepared from M . aurum A + and its mutant A" (Levy-Frebault & ) and taken up in 5 ml Tris/HCI buffer (50 mM, pH 8.0) containing 20°& (w/v) sucrose to give the same turbidity. Spheroplasts were then collected by centrifugation and resuspended in 5 ml Tris/HCl buffer containing 0, 5, 10, 15 or 20% (w/v) sucrose. SDS was added to give a concentration of 0.25 % (w/v) and the lytic effect was compared between spheroplasts and intact cells of the two strains. With intact cells, the SDS concentration was increased to 0 . 5 96 (w/v): no lysis was observed even after 24 h incubation at 37 "C.
R E S U L T S
Growth inhibitory effects on M . aurum of dfferent substances. Mycobacterium aurum A' was insensitive to penicillin but highly sensitive to isoniazid and D-CyClOSerhe with minimal inhibitory concentrations ( m k ) of 0.15 and 15 pg ml-', respectively. D-Cycloserine used alone was a more potent growth inhibitor than isoniazid used alone and addition of both isoniazid and D-cycloserine produced antagonism (Fig. 1) . In another experiment, m.i.c. and 2 x m.i.c. values of these antibiotics were used alone and in combination and the above observation was confirmed (results not shown).
The lytic effect of 60 pg D-CyClOSerine ml-' was tested in combination with 34 mM-DL-methionhe, 10 mM-D-serine or 1-4 % (w/v) glycine (Fig. 2) . Its association with glycine produced maximal effect, causing 50 to 60% lysis of M. aurum cells. Various combinations of lysis-stimulating substances in association with 60 pg D-CyClOSerine ml-' and 1.4 % (w/v) glycine were tested on M . aurum grown to exponential phase (Fig. 3) . Lysis and formation of wall-deficient forms were observed by optical microscopy (some forms partially losing their acid-alcohol fastness, when stained by the Ziehl-Neelsen process) and by phase contrast microscopy (slightly swollen if suspended in 20 %, w/v, sucrose solution). A combination of 60 kg D-cycloserine ml-', 1.4% (w/v) glycine, 200 pg lysozyme ml-', 2 mg EDTA ml-' and 1 mg LiCl ml-' resulted in conversion of approximately 90% of the cells into wall-deficient forms, though apparent lysis, observed by the fall of turbidity at 650 nm, was reduced from 60 % in the case of 60 pg D-cycloserine ml-' and 1.4 % (w/v) glycine alone to approximately 35 % (Fig. 3) .
Morphological changes during lysis of bacterial forms. Intact bacteria were rod-shaped (Fig. 4a) . When wall-deficient forms were treated with lysozyme and EDTA, a few spherical forms appeared after 60 min (Fig. 4 b) . After 180 min, all the cells were spherical (Fig. 4 c) . Cells observed before lysis was complete showed all possible forms between spherical and rod-shaped structures.
UltrastructuraZ appearance. In Fig. 5 (a) , a distinct differentiation between the cell wall and the membrane can be seen for a rod-shaped bacterium. Conversion to spheroplasts (Fig. 5 b,  c) is represented by rounded forms in different stages of lysis and remnants of wall material still attached to the cytoplasmic membrane. Membrane vesicles are characterized by a complete lack of cytoplasmic material and cell wall, though in certain cases small fragments of residual wall might still be attached to the membrane (Fig. 5 d) .
Chemical evidence. Whole cells of M . aurum contained amino sugars and DAP, presumably derived from the bacterial wall since the membrane fraction prepared by ultrasonic treatment of whole cells, used as a control in our experiment, contained no amino sugar and DAP was not detectable by thin-layer chromatography. The spheroplasts had less than half the amount of amino sugars and DAP (estimated by comparing the DAP spot colour intensities on cellulose), while the membrane fraction prepared by osmotic shock had no significant amino sugars or DAP contamination.
Biochemical evidence. Out of seven biochemical tests performed, intact M . aurum cells were positive for nitrate reductase, Tween 80 hydrolysis and urease. The overall result was the same for M . aurum spheroplasts. However, urease (2 h) was positive for spheroplasts but negative for intact cells, whereas urease (18 h) was strongly positive ( + 5 ) for spheroplasts and weakly positive (+) for intact cells. Tween 80 hydrolysis (1 d) was positive for spheroplasts but negative for intact cells, whereas Tween 80 hydrolysis (10 d) was strongly positive ( + 5 ) for spheroplasts and positive (+2) for intact cells. This showed that our spheroplast preparations were more permeable than intact cells to certain enzyme substrates and that increased urea and Tween hydrolysis were due to more free penetration of substrates rather than to release of enzymes during the preparation of spheroplasts or during the tests themselves. The increase in colour intensity was a time-dependent phenomenon which clearly negates the possibility of release of enzymes during spheroplast preparation.
Spheroplast lysis by SDS. Figure 6 shows the lytic effect of SDS on spheroplasts prepared from M . aurum A+ (wild-type) and its mutant All, compared with intact A+ and A" cells. With 0.25% (w/v) SDS, spheroplasts were lysed rapidly and after 1 h nearly 90% lysis had occurred, whereas even 0 . 5 % (w/v) SDS had no lytic effect on intact cells within 24 h of addition.
Wall-dejcient forms from M. aurum 
D I S C U S S I O N
Mycobacterium aurum was highly susceptible to the antibiotics isoniazid and Dcycloserine. Concentrations of nicotinamide nucleotides in mycobacteria decrease after exposure to isoniazid (Winder & Collins, 1968) and exogenously added NAD has been reported to reverse the growth-inhibitory effect of isoniazid (Sriprakash & Ramakrishnan, 1969) . It has been proposed that isoniazid interferes primarily with NAD metabolism in mycobacteria (Kriiger-Thiemer, 1958 ; Krishna Murti, 19 75) . Isoniazid also interferes with the synthesis of mycolic acid (Winder & Collins, 1970) . D-Cycloserine inhibits D-alanine racemase and D-alanyl-D-alanine synthetase, which are essential for the synthesis of UDP-N-acetylmuramoyl-tripeptidyl-D-alanyl-D-alanine, an intermediate in wall synthesis (Strominger et al., 1959; Neuhaus & Lynch, 1964; David et al., 1969) .
When used separately, both D-cycloserine and isoniazid stimulated cell lysis, but when used together, a certain antagonism was observed. In view of this observation we decided to use only D-cycloserine. To increase the lytic effect of D-cycloserine, we used growth-inhibitory amino acids. Glycine has been used previously in the case of mycobacteria (Sato et al., 1965 (Sato et al., , 1966 Adamek et al., 1969; Winder & MacNaughton, 1978) . Glycine is incorporated into the uridine nucleotide of Staphylococcus aureus in place of L-alanine, resulting in inhibition of growth (Strominger & Birge, 1965) . Incorporation of lower amounts of D-alanine and DAP has been reported in the bacterial wall in the presence of D-Serine (Yabu & Huempfner, 1974) . DL-Methionhe has been used previously in the case of M . smegmatis as it becomes incorporated into the bacterial cell wall in place of certain normal constituents (Lark et al., 1963) .
Lysozyme acts on the innermost peptidoglycan layer of the wall, attacking the glycosidic bonds between N-acetylglucosamine and N-acetylmuramic acid (Strominger & Ghuysen, 1967) . EDTA is a chelating agent and might weaken essential glycosidic bonds, consequently making the peptidoglycan available for lysozyme action. It appears that LiCl is not directly responsible for lysis, but could stimulate autolysis by its effect onthe cellular autolytic system (Kilburn & Best, 1977) .
N . R A S T O G I A N D H . L . D A V I D
The action of lysozyme and EDTA on the bacteria could be followed due to changes in the shape of the bacteria, which presumably produce effects on their light scattering properties (Koch, 1961; Wyatt, 1973) .
The true protoplasts released their intracellular contents after osmotic shock to form membrane vesicles, which could be sedimented at 45 000 g. In our preparations, slight contamination of membrane vesicles with wall residues could not be ruled out completely.
Measurements on the photographs (Fig. 5 d) suggest that this membrane is about 11 to 12 nm across, compared with approximately 9 nm reported by Imaeda et al. (1968) . DNAase and RNAase were added during the ghost formation to hydrolyse intracellular DNA and RNA, which were otherwise released and became stuck to the exterior of the membrane.
In Fig. 6 , the fact that the turbidity immediately became greater on dilution of the sucrose in a suspension of spheroplasts was probably due to the reduction of the refractive index of the medium in which spheroplasts were resuspended. N.R. is grateful to the Government of France for a fellowship under a technical cooperation and exchange programme. We thank L. G. Chevance and H. Ohayon for considerable help in electron microscopy, J. Grzelak for phase contrast microscopy, and V. Levy-Frebault for her valuable help in this work.
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